The Laser Interferometer Gravitational Wave Observatory (LIGO) has been directly detecting gravitational waves from compact binary mergers since 2015. We report on the first use of squeezed vacuum states in the direct measurement of gravitational waves with the Advanced LIGO H1 and L1 detectors. This achievement is the culmination of decades of research to implement squeezed states in gravitational-wave detectors. During the ongoing O3 observation run, squeezed states are improving the sensitivity of the LIGO interferometers to signals above 50 Hz by up to 3 dB, thereby increasing the expected detection rate by 40% (H1) and 50% (L1).
I. INTRODUCTION
The Advanced LIGO detectors opened the era of gravitational-wave astronomy in 2015, with the first detection of gravitational waves from a binary black hole system [1] . By the end of the second observing run (O2) in August 2017, a total of 11 confirmed gravitational-wave signals have been reported by the LIGO and Virgo Collaborations [2] , including one from a binary neutron star merger [3] . A third observing run (O3) started on April 1, 2019, with improved LIGO and Virgo detectors [4, 5] .
The Advanced LIGO instruments (the L1 detector in Livingston, Louisiana and the H1 detector in Hanford, Washington) are dual-recycled Michelson interferometers with Fabry-Perot cavities in the arms [6, 7] . They measure gravitational-wave strain as arm-length modulations of the orthogonal 4-km long arms.
Quantum noise is one of the fundamental limitations to the sensitivity of gravitational wave detectors and it manifests in two ways: quantum shot noise, caused by statistical fluctuations in the arrival time of photons at the interferometer output; and quantum radiation pressure noise, due to quantum fluctuations in the photon flux impinging on the interferometer mirrors [8] .
Decades of world-wide research have targeted improvements to the quantum-limited sensitivity of gravitationalwave detectors [9] . Injecting squeezed vacuum states has emerged as a parallel technique to increasing laser power [10] , with routine use in the GEO interferometer [11, 12] and a proof-of-principle experiment in the initial LIGO H1 detector [13] .
In this Letter we present the first implementation of squeezed vacuum states in the Advanced LIGO detectors. This result is remarkable not only because squeezing significantly improves the sensitivity of Advanced LIGO and is now routinely used for detecting gravitational waves [14, 15] ; it is also the first time that squeezing is used in a dual-recycled Michelson interferometer with Fabry-Perot cavities in the arms [16] , the baseline optical configuration of all of the next generation instruments currently under consideration [17, 18] .
We also acknowledge a historical milestone. The concept of squeezed vacuum states for improving the sensitivity of gravitational-wave detectors was invented nearly four decades ago [19] . This work marks the first direct observation of gravitational waves with quantum-enhanced interferometers. Here we describe the unique features of the Advanced LIGO squeezed vacuum source, as well as the characterization of its performance and prospects for further improvement.
II. RESULTS
Both the L1 and H1 Advanced LIGO interferometers operate with squeezed vacuum states during O3. Figure 1 shows the L1 strain noise amplitude spectral density with and without squeezing (in green and black, respectively). The improvement is 35% at 1.1-1.4 kHz (a frequency band with minimal impact from nonquantum noises), with squeezing enhancement visible down to 50 Hz. The H1 spectra look qualitatively similar, although the noise reduction is lower, at 25%.
We note that to achieve the same reduction in shot noise would require 85% (L1) and 65% (H1) more laser power, which is beyond the capability of the current laser system. Moreover, increasing the laser power complicates the control of the interferometer due to thermal effects [21] , angular instabilities caused by photon radiation-pressure induced torques [22] , and parametric instabilities [23] .
A primary figure of merit of a gravitational-wave detector is its binary-neutron-star (BNS) range [24] , a distance representing the detector sensitivity [25] . To optimize this range, the squeezing parameters are tuned to balance the increase of quantum radiation pressure noise with the benefit of reduced quantum shot noise [26] . Although up to 3.2 dB of squeezing could be observed in the L1 detector, 2.7 dB are used in normal operations, thereby improving the BNS range by 14%. A squeezing level of 2.0 dB in H1 improves its BNS range by 12%. The expected detection rate is increased by 50% in L1 and 40% in H1, as the rate scales with the volume of the observed Universe.
Squeezing has been used throughout the first six months of O3. In principle, a movable diverter can isolate the interferometer from the squeezed vacuum source, thus allowing observation at nonenhanced sensitivity without degrading the overall detector duty cycle. This option is rarely needed however, as the squeezing system has been robust, enhancing sensitivity during 98% of the detector observation time in L1 and 100% in H1. Dozens of interesting gravitational-wave candidates have been reported in this period [14] , and, in particular, a BNS event (GW190425 [15]) was detected by the squeezingenhanced L1 detector.
III. INSTRUMENTATION FOR THE ADVANCED LIGO SQUEEZING SYSTEM
The sensitivity of the Advanced LIGO detector places strict requirements on the performance of the squeezed vacuum source [10] . A process known as backscatterwhere stray light from the main interferometer field scatters towards moving surfaces, acquires phase fluctuations, and scatters back toward the interferometer readout-can degrade the interferometer sensitivity [27] . To prevent this effect, the Advanced LIGO squeezer has a unique design that places core components on a seismically isolated platform housed inside the main LIGO vacuum envelope [28, 29] . Combined with a bowtie geometry for the optical parametric oscillator (OPO) [30, 31] that generates the squeezing, and the use of an additional Faraday isolator on the squeezed vacuum injection path, the system provides a backscatter isolation ratio measured to be 130 dB, which 30 100 1000
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The green trace shows the typical L1 strain amplitude spectral density taken in April 2019 during O3, and the black trace gives a reference showing the spectrum without squeezing. The squeezing spectrum is taken with the O3 observing configuration, which includes a reduced nonlinear gain and an optimized squeezed quadrature angle, in order to maximize binary neutron star range. The purple trace shows a model of the quantum noise for the reference configuration, while the sum of all of the remaining known (nonquantum) noises is shown in gray (the methods used to estimate known noise sources are detailed in Ref. [20] , with O3 measurements detailed in Ref. [4] ). After subtracting nonquantum noises, analysis of these spectra show 2.7 AE 0.1 dB of shot-noise squeezing at 1.1-1.4 kHz in typical operation, whereas the maximum achieved shot-noise squeezing level in the interferometer is 3.
is consistent with the design requirement [29] . The fields used to operate this in-vacuum OPO are generated in air and delivered to the OPO via optical fibers [32] . The output ends of these fibers are fastened to the suspended platform of the OPO, providing the benefit of long-term alignment stability. Figure 2 shows the optical and electronic setup for generating and controlling squeezed light. The central component is a subthreshold OPO, a traveling-wave cavity built around a periodically poled potassium titanyl phosphate (PPKTP) crystal. A second-order nonlinearity in PPKTP allows interaction between a 532 nm pump field and the vacuum fluctuations of the 1064 nm field. The resulting squeezed vacuum state is steered via two suspended mirrors [34] to the output Faraday isolator (OFI), which circulates the beam back towards the antisymmetric port of the interferometer.
To control the phase of the squeezed vacuum field, a control field consisting of a single rf sideband at þ3.1 MHz relative to the main laser frequency is injected into the OPO [35, 36] . This sideband is generated by two AOMs in series, which sequentially shift the frequency of the input 1064 nm field down by 200 MHz and then up by 203.1 MHz to create a þ3.1 MHz sideband. This technique obviates the need for a second laser and phase lock [32, 37] . Through the parametric interaction between the þ3.1 MHz sideband and the 532 nm pump field, the OPO generates a −3.1 MHz sideband, and the 6.2 MHz beat note between the injected upper and generated lower sidebands is fed back to one of the AOMs to lock the relative phase of the pump and control fields. The squeezed vacuum state generated in the OPO is in phase with the pump field, so the control field, which lies well within the linewidth of the OPO (24.5 MHz), can be used as a proxy for sensing the phase of the squeezed vacuum field.
In full operation, the control field copropagates with the squeezed field, and its beat note with the main interferometer field is sensed at the main readout photodetector in FIG. 2. Conceptual layout of the squeezed vacuum subsystem for Advanced LIGO. A continuous 1W Nd:YAG laser at 1064 nm, phase locked to the prestabilized laser (PSL), is used to derive three fields that are launched into fibers: (i) a pump field (green arrow) produced by a second harmonic generator (SHG) and imprinted with 80 MHz sidebands, by an electro-optic modulator (EOM), for feedback control of the optical parametric oscillator (OPO) length via Pound-Drever-Hall sensing; (ii) a control field (orange arrow), produced by two acousto-optical modulators (AOMs), used for sensing the phase of the squeezed vacuum field (when needed, the fiber switch here is toggled to launch a 1064 nm diagnostic field in place of the control field, to measure nonlinear gain and losses); and (iii) a local oscillator (red arrow) used for diagnostic homodyne measurements. In typical operation, the squeezed field propagates to the gravitational-wave (GW) readout. A remotely controlled movable mirror provides the option of diverting the squeezed field out of the vacuum chamber, enabling measurements of nonsqueezed reference spectra in the interferometer as shown in Fig. 1 , as well as diagnostic measurements using the homodyne detector [33] .
PHYSICAL REVIEW LETTERS 123, 231107 (2019) 231107-4 transmission of the output mode cleaner (OMC) [12] . This signal is then fed back to the main squeezer laser to lock the squeezed quadrature angle for injecting high-frequency squeezing (ϕ ¼ ϕ 0 ), antisqueezing (ϕ ¼ ϕ 0 þ π=2), or any mixture of the two. The alignment control signals are generated at a pickoff before the OMC [38] from the beat note between the control field and the 45 MHz sideband of the main interferometer field.
IV. CHARACTERIZATION
The squeezing level measured in the interferometer is determined by the amount of generated squeezing (as quantified by the OPO nonlinear gain), and by the optical losses and phase noise in the system. Nonlinear gain, losses, and phase noise can be measured or budgeted independently to predict an expected squeezing level, as shown in Table I . In addition, they can be inferred by measuring the squeezed and antisqueezed quadratures, since losses and phase noise affect the magnitude of observed squeezing and antisqueezing in different ways [see Eqs. (1),(2) in Ref. [32] ]. Here we characterize the L1 squeezed vacuum source by measuring squeezing and antisqueezing while operating the OPO at a nonlinear gain of g ¼ 2.9 AE 0.1, and compare the inferred losses and phase noise to the budgeted levels.
A. Nonlinear gain
The nonlinear gain g represents the strength of interaction in the OPO between the 532 nm pump field and the 1064 nm vacuum fluctuations. It is a function of the pump power and OPO cavity parameters, and determines the amount of squeezing generated by the OPO. It can be directly measured by injecting a 1064 nm diagnostic field through the OPO in place of the control field, via a fiber switch (see Fig. 2 ). Then g is the ratio of transmitted power though the OPO with and without nonlinear gain (the OPO can be detuned in temperature and pump power so that g ¼ 1).
B. Losses
Optical loss can usually be measured by observing the attenuation of a 1064 nm diagnostic field along the path of squeezing injection. However, loss sources such as misalignment and mode-mismatch change depending on the thermal state of the interferometer. For these sources, an estimate is provided in Table I . Accounting for all known optical losses, we estimate the total efficiency of the system to be 0.75.
C. Phase noise
While the relative phase between the squeezed field and the main interferometer field is controlled through a series of feedback loops, residual fluctuations known as phase noise affect squeezing measurements [39] . Fluctuations at frequencies higher than the measurement frequency will mix antisqueezing in to a squeezing measurement and vice versa, effectively degrading the observable level of squeezing. The dominant source of phase noise is expected to be the vibration of fibers and optical components causing fluctuations in optical path length, and is mitigated through the use of a rigid, nearly monolithic OPO and the careful acoustic isolation of fibers and optics [32] . We independently estimate the level of phase noise by summing the residual fluctuations seen by the phase-lock loop between the control field and the 532 nm pump field, and the phase-lock loop between the control field and the main interferometer field. The rf sidebands of the main interferometer also add phase noise that is estimated separately [39] . Summing the above contributions in quadrature, we estimate the total rms phase noise in the system to be 15 mrad.
D. Squeezing
Combining the direct measurements of nonlinear gain, losses, and phase noise, we arrive at a predicted squeezing level of 4.0 AE 0.6 dB with 6.5 AE 0.4 dB antisqueezing. The squeezing level we observe at 1.1-1.4 kHz is 3.2 AE 0.1 dB, and the antisqueezing level, as measured in the same frequency band by rotating the squeezed quadrature angle by 90°, is 6.1 AE 0.1 dB. These results indicate the efficiency of the system to be 0.66 AE 0.02. This differs from the budgeted loss by about 10%, with the discrepancy most likely due to mode matching and misalignment losses being higher than estimated. We note that at 100-200 Hz, the observed total loss is consistent with the predicted loss. Although nonquantum noises are at a comparable level to quantum noise in this frequency region, this observation still suggests the presence of a frequency-dependent loss mechanism [40, 41] .
The measured squeezing and antisqueezing levels are consistent with the budgeted phase noise, but the observed phase noise is weakly constrained at this nonlinear gain, to below 80 mrad. Future tests will prioritize increasing the nonlinear gain further in order to better constrain the phase noise.
While further characterization and optimization for the H1 system are still ongoing, the goals of increasing nonlinear gain, reducing losses, and better characterizing phase noise are common between the two sites.
V. OPTIMIZATION
Two main aspects make squeezing injection in the Advanced LIGO interferometers unique with respect to previous applications: the use of a signal-recycling cavity (SRC) introduces frequency-dependent effects on the measured squeezing level and the high circulating power in the Fabry-Perot arms renders quantum radiation pressure noise non-negligible.
A. SRC length tuning
The signal recycling cavity provides the option of tuning the frequency response of the interferometer [6] . Although typical operation in O3 calls for a zero detuning of the signal recycling cavity length to achieve broadband interferometer response to gravitational waves, any unintentional offset adds a frequency-dependence to the squeezed vacuum sidebands. To set up the interferometer for observation, we tune the signal-recycling cavity length while injecting squeezing to achieve the same level of squeezing across the entire shot-noise limited frequency band.
B. Quantum radiation pressure noise
The L1 interferometer operates with approximately 200 kW of circulating power in the arms [4] . Although quantum radiation pressure noise is not a dominant noise source, the increase of this noise due to antisqueezed vacuum is still relevant [26] . In small-scale systems, this noise has been observed [42] and reduced via squeezing [43] . Here, we lower the nonlinear gain to g ¼ 2.7 AE 0.1 to reduce quantum radiation pressure noise for the O3 observing configuration. Even with a reduced nonlinear gain, the squeezed quadrature angle that optimizes BNS detection range, ϕ optimum , is not necessarily the angle that maximizes shot noise squeezing, ϕ 0 . We find that the difference is Δϕ ¼ 7°, so the squeezer is operated at this squeeze angle during O3. This represents the injection of a carefully calibrated mixture of squeezing and antisqueezing to balance high-frequency performance against low-frequency quantum radiation pressure noise. Figure 1 shows the L1 strain noise in this optimized configuration (a nonlinear gain of g ¼ 2.7 AE 0.1, a squeezed quadrature angle offset of Δϕ ¼ 7°, and a tuned signal recycling cavity length), compared to a reference measured without squeezing. This configuration gives us 2.7 AE 0.1 dB of squeezing at 1.1-1.4 kHz. A model of the quantum noise for the reference configuration is also shown, as well as the sum of all of the known nonquantum noises present in the system (as described in Ref. [4] ). For technical reasons, the H1 interferometer has operated with a lower nonlinear gain of g ¼ 2.3 AE 0.1 (and thus without squeezed quadrature angle offset), with 2.0 AE 0.1 dB of squeezing measured.
VI. CONCLUSIONS AND OUTLOOK
Nearly 40 years after squeezing was first conceived as a way of improving the sensitivity of gravitational wave detectors, both the Livingston and Hanford interferometers operate with squeezed vacuum states during the O3 observing run. Squeezing enhances the sensitivity of the L1 Advanced LIGO detector by 2.7 dB in its shot-noise limited frequency region, above 50 Hz, leading to a 14% increase in BNS range and 50% increase in expected detection rate. The squeezing-enhanced L1 detector has achieved the highest BNS range ever reported, up to 140 Mpc. For the Hanford detector, the improvement of 2.0 AE 0.1 dB gives a 12% increase in BNS range, up to 120 Mpc, with optimization of the system still ongoing. PHYSICAL REVIEW LETTERS 123, 231107 (2019)
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The path forward for further squeezing enhancement is twofold: (i) higher levels of squeezing are within reach by further reducing the optical loss in the system, and (ii) frequency-dependent squeezing will be crucial for a broadband reduction of quantum noise [44] . The upgrade of the Advanced LIGO detectors known as "Aþ" targets both of these improvements by coupling the squeezed source described in this Letter with a narrow linewidth filter cavity to achieve frequency-dependent squeezing [45] [46] [47] . Moreover, lower loss Faraday isolators [48] and active mode matching elements will be adopted to optimize the mode matching between the squeezed beam and the interferometer beam. With these improvements, A þ aims for a 6 dB broadband reduction in quantum noise [49] .
In addition to the direct impact on the ability to detect astrophysical sources, reduced quantum noise enhances the science that can be done with the sources that are detected. In particular, our ability to localize sources on the sky depends on the instrument's high frequency sensitivity, where squeezing has a large impact [50] . Also, information about the tidal deformability and interior structure of neutron stars is contained in the high frequency pre-and postmerger gravitational-wave signals. It has been shown that for a system similar to the binary-neutron star GW170817 [51] , the post-merger signal could be extracted with the squeezed-enhanced Aþ detectors.
